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The amount of maternal licking received by newborn rats affects their adult stress reactivity
and maternal behavior. Mouse studies in which litters were cross-fostered between strains
that exhibit high vs. low amounts of maternal behavior also suggest that rearing conditions
affect adult outcomes.The current study is the ﬁrst to compare within a single mouse strain
(C57BL/6J) behavioral responses between adult animals reared by mothers that exhibited
frequencies of pup-licking (PL) at the high end and the low end of the normal distribution
within the strain. Maternal behaviors were coded during 10-s intervals every 3min dur-
ing ﬁve 1-h periods (two light, three dark cycle) on postpartum days 2, 4, 6, and 8 in 36
unrelated C57BL/6J mothers.The distribution of mean frequencies/h for PL, still crouched
nursing, hovering over pups, self-grooming, and no contact with pups were determined.
Offspring (6–12weeks of age) from the eight mothers who exhibited the highest mean
frequencies of PL and the seven mothers who exhibited the lowest PL frequencies under-
went the following tests over three consecutive weeks: (1) elevated plus-maze (EPM) and
1-h open ﬁeld on three successive days, (2) 3-h open ﬁeld with an acute stressor (IP saline
injection) at the 1-h time point, and (3) acoustic startle and prepulse inhibition. Females
reared by low PL mothers exhibited signiﬁcantly more time in the closed arms of the EPM,
less locomotion, center time, and rearing during the ﬁrst test in the open ﬁeld, greater
reactivity to an acute stressor, and reduced prepulse inhibition, an index of sensorimotor
gating. Male offspring from low PL dams had reduced reactivity to an acute stressor, but
no other altered performance in the behavioral tests. PL frequencies of C57BL/6J mothers
appear to selectively alter behavior outcomes, primarily in female offspring.
Keywords: maternal behavior, C57BL/6J, pup-licking, nursing, anxiety, prepulse inhibition, sensorimotor gating,
stress
INTRODUCTION
Decades of research and clinical experience in primates and
humans have shown that the amount and quality of nurtur-
ing received early in life strongly inﬂuences social competence,
coping abilities, and vulnerability to mental illness later in life
(Van Ijzendoorn, 1995; George and Solomon, 1999; Suomi, 1999;
Repetti et al., 2002; Sameroff and Rosenblum, 2006; Weich et al.,
2009). Adult offspring of Long Evans mothers that exhibit high,
in contrast to low,levels of maternal licking during the early post-
natal period exhibit less stress-induced anxiety-like behavior and
hypothalamic–pituitary–adrenal axis activation, greater prepulse
inhibitionofacousticstartleandhigherfrequenciesofpup-licking
(PL)of theirpups(Liuetal.,1997;Caldjietal.,1998;Francisetal.,
1999; Champagne et al., 2003; Menard et al., 2004; Zhang et al.,
2005). In these studies, most outcomes in adult offspring, other
than maternal behavior, were assessed in males (Liu et al., 1997;
Caldjietal.,1998;Menardetal.,2004;Zhangetal.,2005)although
similar novel open ﬁeld results were obtained in females (Francis
etal.,1999).Theconsequencesofhighvs.lowmaternallickingmay
be mediated by differences in factors that inﬂuence the expression
of speciﬁc genes in the brain (Weaver et al., 2004; Champagne,
2008; Zhang and Meaney, 2010).
There have been relatively few investigations in mice of the
effects of early nurturing on the development of stress responses
and social behavior. In-bred mouse strains exhibit considerable
differences in various components of maternal behavior (Ward,
1980; Carlier et al., 1982; Brown et al., 1999; Priebe et al., 2005;
ShojiandKato,2006;Champagneetal.,2007).Afewinvestigators
have taken advantage of the higher frequencies of PL and other
components of maternal behavior in C57BL/6J or CBA/Ca com-
paredtoBALB/cJmotherstoconductcross-fosteringexperiments
to examine the effects of variations in maternal nurturing on off-
spring development (Francis et al., 2003; Priebe et al., 2005; Shoji
andKato,2009).BALB/cJmicerearedbyC57BL/6Jmothersexhib-
ited less anxiety-like behavior than BALB/cJ mice reared by same
strain mothers while C57BL/6J mice reared by BALB/cJ mothers
did not differ from C57BL/6J mice reared by same strain mothers
(Francis et al., 2003; Priebe et al., 2005). However, C57BL/6J mice
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reared by BALB/cJ mothers were more anxious in the novel open
ﬁeld in one study (Priebe et al., 2005) but not in another (Francis
etal.,2003).BALB/cmothersrearedbyCBA/Camothersexhibited
more body licking of their own pups (but no differences in other
components of maternal behavior) compared to BALB/c moth-
ers reared by same strain dams (Shoji and Kato, 2009). Coutellier
et al. (2008) found that lower crouched nursing and PL frequen-
cies in C57BL/6 mothers that were required to forage for food
were related to diminished anxiety-like behavior in male but not
female offspring.
Only one other study has measured the range of frequen-
cies of the components of maternal behavior within individual
mouse strains (Champagne et al., 2007). To date, there are no
published studies of within-strain variations in maternal behav-
ior on the development of offspring. There are two compelling
reasons to conduct studies in this area. First, behavior pheno-
typing of diverse mouse strains is a widely employed strategy
for identifying animal models of psychiatric and neurodevelop-
mental disorders. Within-strain variations in maternal behavior
could inﬂuence the results of tests used in behavior phenotyping
projects. Second, investigation of variations in maternal behav-
ior and their relationship to offspring outcomes within trans-
genic mouse strains may be an effective means of identifying
genes involved in conveying the powerful epigenetic effects of
early nurturing.
Thegoalsof thecurrentstudywereto(1)determinevariability
in the frequency of maternal behavior components in C57BL/6J
dams and (2) compare behavioral outcomes in adult offspring of
dams that exhibit high vs. low frequencies of PL.
MATERIALS AND METHODS
AllexperimentswereconductedinaccordancewiththeNIHGuide
for the Care and Use of Laboratory Animals and were approved
bytheUniversityof NorthCarolinaInstitutionalAnimalCareand
Use Committee. All efforts were made to minimize the numbers
of animals used and their suffering.
ANIMALS
Subjects were adult C57BL/6J mice and their offspring. Fifty 60-
day-old, nulliparous females and 10 males were obtained from
Charles River Breeders. To maximize genetic and rearing variabil-
ity, the females that were bred were all reared in different litters.
Females were group housed 3–4 animals per cage and males were
individually housed in standard Plexiglas cages (19cm W, 35cm
L, 14cm H) with ad libitum access to water bottles and mouse
chow pellets placed in recesses of the wire mesh lid of each cage.
The ambient temperature was maintained at 24˚C with lights on
at 0700h and lights off at 1900h.
For breeding, females that had been housed in the same cage
were placed in the home cage of a male for 1week. Copulatory
efforts by males were conﬁrmed by visual inspection during the
darkphase.Afterthebreedingperiod,femaleswereremovedfrom
the male’s cage and housed together in a clean cage. Beginning
14days after females were ﬁrst co-housed with males, they were
checked daily to determine whether they were pregnant. When a
female was conﬁrmed to be pregnant, she was moved to her own
homecage.Thirty-sixfemalesdeliveredandrearedtoweaninglit-
ters composed of 4–11 pups. This does not include females that
failed to rear four or more healthy pups to weaning or lost more
than two pups that were born alive.
MATERNAL BEHAVIOR MEASUREMENTS
Events in home cages were videotaped for 1.5h during three light
and two dark periods (0530–0630, 0715–0815, 1200–1300, 1615–
1715,and2345–0045h)beginningat1200honpostpartumdays2
(the day after pups were born),4,6,and 8,for a total of 20 record-
ings across the early neonatal period. Fluorescent red light bulbs
provided illumination during the dark phase. Test cages were not
disturbed over the 8-day postpartum period except for removal
of dead newborns shortly after parturition and replenishing food
and water on postpartum days 3 and 5. Events in each cage were
recorded through the front wall of the cage using a Panasonic
BP330blackandwhitecameraconnectedtoaPanasonicPV-V402
VCR set on SLP mode that was programmed to record during the
ﬁve daily time periods described above. Events occurring in each
cage over each 24-h period were recorded on an 8-h videocassette
(7.5h total recording time). Cameras were mounted on horizon-
tal arms clamped to a vertical pole of a shelf structure on which
the VCRs were stacked. Each camera was placed so that the cage
from which it was recording ﬁlled the entire ﬁeld of view of the
camera. A mirror was placed against the outer back side of each
cage opposite to the camera so the reﬂection was recorded along
witheventsinthecage.Themirrorwastiltedsothatthereﬂection
was from a somewhat elevated angle allowing a clear view of the
mother’s activities even when she was turned away from the cam-
era and adjacent to the back wall of the cage. Because of technical
errors,recordingswerenotobtainedatalltimeperiodsfornineof
themothers:Thenumberof missingrecordingsforthosemothers
are as follows: 5 from two mothers (all postpartum day 4 record-
ings from one mother and all postpartum day 6 recordings from
another), 4 from one, 3 from one, 2 from three, and 1 from two.
Overa1-hperiodbeginning15minfromthestartof each1.5h
of videotape, maternal and other behaviors were coded during
10-s intervals every 3min for a total of 20 observations/h and a
maximum total of 400 observations over 20 behavior observa-
tion periods during the 4 postpartum days when behavior was
videotaped. Behaviors coded during each interval were:
Pup-licking
At least one bout during the 10-s interval in which the mother
licked a pup or pups two times or more in rapid succession.
Self-grooming
At least one bout during the 10-s interval in which the mother
licked or chewed her fur or tail or rubbed her face/upper body
with her forepaws. Hind leg scratching did not count.
Still crouch
Themothermaintainedaﬁxeduprightnursingpostureoverpups
with her ventrum elevated sufﬁciently so pups had easy access
to her milk line. All four limbs remained in a ﬁxed position and
the mother did not engage in other behaviors during the entire
10-s interval.
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Hover
The mother remained in an upright nursing stance over pups
throughout the 10-s interval with hind legs in a ﬁxed position and
herventrumelevatedsufﬁcientlyforpupstohaveaccesstohermilk
line but she engaged for some portion of the 10-s interval in other
behaviors such as PL, self-grooming (SG), eating/drinking, etc.
Arched-back nursing
Frequency was the sum of still crouch (SC) and hover (HOV)
frequencies.
No pup contact
Physical contact between the mother and one or more pups did
not occur during the entire 10-s interval.
BEHAVIORAL MEASUREMENTS IN ADULT OFFSPRING
Subject selection
Litters reared by mothers that were in the top eight and bottom
seveninthedistributionof PLfrequencieswerestudiedbetween6
and 12weeks of age. A total of 64 offspring were tested (16 males
and16femalesrearedbylowPLmothers,15malesand17females
rearedbyhigh-lickingmothers).Nomorethanthreemaleorthree
femalepupsweretestedfromanyonelitter.Measuresof adultoff-
spring behavior were collected by observers who were blind to the
rearing condition of the experimental subjects.
Order of tests
Miceweretestedacross3weeks.Intheﬁrstweek,miceweretested
in the elevated plus-maze (EPM), and then given 1-h open ﬁeld
testsonthreesuccessivedays.Inthesecondweek,miceweretested
forreactivitytoabriefstressor(anIPsalineinjection)duringasin-
gle3-hopenﬁeldtest.Duringthethirdweek,micewereevaluated
in the acoustic startle test.
Elevated plus-maze
Mice were given one 5-min trial on the plus-maze, which had
two closed arms, with walls 40cm in height, and two open arms
(21cmlong).Themazewaselevated50cmfromtheﬂoor.Animals
were placed on the center section (9.5cm×9.5cm), and allowed
to freely explore the maze. Arm entries were deﬁned as all four
pawsenteringanarm.Entriesandtimeineacharmwererecorded
during the trial by a human observer via computer coding.
Open ﬁeld activity
Exploration in a novel environment was evaluated in photocell-
equipped automated open ﬁelds (40cm×40cm×30cm; Ver-
samax system, Accuscan Instruments). Measures were taken of
total distance traveled, number of rearing movements, and time
spent in the center during the test. Activity chambers were con-
tained inside sound-attenuating boxes,equipped with houselights
andfans.Micewereﬁrstgiventhree1-htestsacross3days.During
the following week,mice were given a single 3-h session. After the
ﬁrst60min,themousewastakenfromtheopenﬁeldandgivenan
IP injection, as a brief exposure to an aversive stimulus, and then
returned to the chamber for another 2h.
Acoustic startle test
This procedure was conducted with a San Diego Instruments SR-
Lab system,using published methods (Paylor and Crawley,1997).
Eachtestsessionconsistedof42trials,presentedfollowinga5-min
habituation period. There were seven different types of trials: the
no-stimulus trials, trials with the acoustic startle stimulus (40ms;
120dB) alone, and trials in which a prepulse stimulus (20ms; 74,
78, 82, 86, or 90dB) preceded the startle stimulus by 100ms. The
different trial types were presented in blocks of seven,in random-
ized order within each block, with an average inter-trial interval
of 15-s. Measures were taken of the startle amplitude for each
trial, deﬁned as the peak response during a 65-ms sampling win-
dow that began with the onset of the startle stimulus. Levels of
prepulse inhibition at each prepulse sound level were calculated
as: 100-[(response amplitude for prepulse stimulus and startle
stimulus/response amplitude for startle stimulus alone)×100].
STATISTICAL ANALYSIS
Data were analyzed using two-way or repeated measures analysis
of variance (ANOVA) examining effects of maternal licking fre-
quency (low and high) and sex of offspring. Repeated measures
included type of arm (open or closed; EPM), day of testing and
5-mininterval(openﬁeld),10-minperiodpre-andpost-injection
(reactivity to acute stressor), and stimulus decibel level (acoustic
startle test). Because the factor of sex was signiﬁcant for almost
every test, separate ANOVAs were then run for male and female
animals. Data were further analyzed using litter size (number of
pups) as a covariate. Fisher’s protected least-signiﬁcant difference
(PLSD)testswereusedforcomparinggroupmeanswhenasignif-
icant F value for maternal licking (main effect or interaction) was
determined. For all comparisons,signiﬁcance was set at p <0.05.
RESULTS
The distributions of all mothers’ PL, SC, and HOV frequencies
are illustrated in Figures 1–3. The frequencies are presented as
mean scores per h of observation (maximum possible score=20)
ratherthanmeanscoresperdayoroverthe4-daysof observations
becausebehaviorwasnotrecordedduringsomeobservationperi-
odsforninemothers.Therangeof PLscoreswasfrom2.60to5.88
(frequencies of 13–29.4%) and was skewed toward the lower end
of the range. SC and HOV scores exhibited a more normal distri-
bution and ranged, respectively, from 7.2 to 11.0 (frequencies of
36–55%) and from 3.7 to 6.5 (frequencies of 18.5–32.5%).
Means±SEM of maternal and other behavior frequencies in
themotherswhosePLfrequencies(PL/litter)wereinthetopeight
and bottom seven are summarized in Table 1.
ELEVATED PLUS-MAZE
The plus-maze test was used as a standard measure of anxiety-
like behavior in rodents. A signiﬁcant main effect of maternal
licking was found for time spent on the open and closed arms
during the 5-min test [F(1,60)=16.22, p =0.0002]. As shown in
Figure 4, the female mice from the low-licking dams spent more
time in the relative safety of the closed arms,in comparison to the
offspring of high-licking dams. There were no differences in the
male groups for arm time. In addition, there were no signiﬁcant
effects of maternal licking on any of the other measures recorded
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FIGURE 1 |The distribution of mean hourly pup-licking scores
(maximum possible score/h=20) for 36 C57BL/6J mothers over ﬁve
1-h observations (two light phase, three dark phase) on postpartum
days 2, 4, 6, and 8.
FIGURE 2 |The distribution of mean hourly still crouch nursing scores
(maximum possible score/h=20) for 36 C57BL/6J mothers over ﬁve
1-h observations (two light phase, three dark phase) on postpartum
days 2, 4, 6, and 8.
for the test, including percent time and percent entries into the
open arms.
ACTIVITY IN AN OPEN FIELD
Mice were given three 1-h tests across 3days, in order to observe
patterns of exploration and habituation within and across ses-
sions. The results indicated that the amount of PL received had
signiﬁcant effects in the open ﬁeld test, but only in female off-
spring. An overall ANOVA revealed a complex 3-way interaction
between maternal licking, sex of offspring, and day of testing for
distance traveled [F(2,120)=5.78, p =0.004]. Separate analyses
for each sex indicated that maternal licking had a signiﬁcant effect
on distance traveled by the female offspring (Figure 5). In the
female mice, the offspring from the low-licking dams had signiﬁ-
cantly less exploration during the initial introduction to the novel
environment, but had higher rates of locomotion by the third
FIGURE 3 |The distribution of mean hourly hover over pups scores
(maximum possible score/h=20) for 36 C57BL/6J mothers over ﬁve
1-h observations (two light phase, three dark phase) on postpartum
days 2, 4, 6, and 8.
day of testing [post hoc analyses following maternal licking×day
interaction,F(2,62)=6.51,p =0.0027; and maternal licking×5-
minintervalinteraction,F(11,341)=1.83,p =0.0485].Thegroup
differences on Day 3 suggested that the female mice in the low-
lick group did not show the typical pattern of habituation across
days. In line with this observation, the female mice in the high-
licking group had signiﬁcant decreases in activity across the
days of testing [within-group repeated measures ANOVA, main
effect of day, F(2,32)=10.51, p =0.0003; day×interval interac-
tion,F(22,352)=2.9,p <0.0001],while there were no signiﬁcant
effects of day in the female mice from the low-licking group.
Similar to the measure for locomotion, an overall ANOVA
revealed a three-way interaction between maternal licking,
sex of offspring, and day of testing for rearing movements
[F(2,120)=3.23,p =0.0429]. Separate analyses for each sex indi-
cated an overt difference between the female groups for vertical
activity (Figure 6). Rearing movements in the low-lick female
offspring were markedly decreased across most of the ﬁrst test,
although this difference was only observed on Day 1 [maternal
licking×day interaction,F(2,62)=7.76,p =0.001]. The reduced
rate of rearing could indicate higher anxiety-like behavior in the
low-lick group (Choleris et al., 2001; Takahashi et al.,2008).
Time in the center region of the open ﬁeld was used as an
index of anxiety-like behavior (Figure 7). An overall ANOVA
indicated a three-way interaction between maternal licking,sex of
offspring,and session interval [F(11,660)=2.34,p =0.0079]. On
Day 1, the female offspring of the low-licking dams spent signiﬁ-
cantlylesstimeinthecenterregion,suggestingthatthisgrouphad
higher anxiety in the open ﬁeld test [maternal licking×interval
interaction,F(11,341)=3.29,p =0.0003].Aswiththeotheractiv-
ity measures, no signiﬁcant differences were observed in the
male groups.
REACTIVITY TO AN ACUTE STRESSOR
In the week following the ﬁrst three activity tests, mice were eval-
uated for response to a brief aversive stimulus (an IP injection
of saline), given after the ﬁrst h of a 3-h test (Figure 8). Because
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Table 1 | Low vs. high pup-licking mothers: means (±SEM) of pups/litter and maternal behaviors.
Mothers Pups/litter PL SG SC HOV ABN NPC
Low PL 7.9±0.7 2.8±0.1* 2.1±0.2 9.5±0.4 3.9±0.2* 13.4±0.3 3.5±0.4
High PL 6.9±0.7 4.8±0.2 1.9±0.2 8.6±0.2 5.4±0.2 14.0±0.2 3.4±0.4
*p<0.001, Low vs. High PL. PL, pup-lick; SG, self-groom; SC, still crouch; HOV, hover; ABN, arched-back nursing=sum of SC and HOV; NPC, no pup contact.
FIGURE 4 |Time spent on the open and closed arms of the elevated plus-maze (mean+SEM) during a 5-min test. Female offspring of dams with low
levels of pup-licking spent signiﬁcantly more time in the closed arms than the offspring of high-licking dams. *p <0.05.
general exploration in the open ﬁeld had already been investi-
gated in the previous three tests, the analysis focused on changes
in activation following the stressor. A repeated measures ANOVA
on distance traveled during the 10-min pre-injection and post-
injection time points revealed a three-way interaction between
maternal licking, sex, and time [F(1,59)=4.78, p =0.0328]. Sep-
arate analyses indicated different effects of maternal licking in the
male and female groups. In the male mice, there were no differ-
ences in locomotion before the injection. However, after the brief
stressor, the mice from the low-licking dams had minimal acti-
vation, in comparison to the offspring from high-licking dams
[maternal licking×time interaction, F(1,29)=7.58,p =0.0101].
Inthefemalegroups,increasedratesof locomotionwereobserved
in the low-lick offspring both before and after the stressor [main
effect of licking,F(1,30)=8.81,p =0.0058].
With the measure for rearing movements, the pattern of
activation following the stressor was opposite in the male
and female groups, with the male mice from low-lick dams
showing less activation [maternal licking×time interaction,
F(1,29)=5.97, p =0.0208], and the female mice from low-lick
dams having greater activation [maternal licking×time interac-
tion,F(1,30)=7.82,p =0.0089].
ACOUSTIC STARTLE TEST
Levels of maternal licking did not have any signiﬁcant effects on
amplitude of startle responses, indicating that the groups had
comparablereactivitytotheacousticstimuli.However,differences
between the female groups were found for prepulse inhibition,an
indexof sensorimotorgating(Figure9).Anoverallrepeatedmea-
suresANOVArevealedasigniﬁcantmaineffectof maternallicking
[F(1,60)=4.73, p =0.0337] and maternal licking×sex interac-
tion [F(1,60)=4.67, p =0.0346]. Separate analyses for each sex
showed that the female mice from the low-licking group had
reduced percent inhibition at every prepulse sound level [post hoc
analyses following signiﬁcant main effect of maternal licking,
F(1,31)=10.33,p =0.003].Incontrast,nodifferencesinprepulse
inhibition were found in the male groups.
ANALYSIS WITH LITTER SIZE AS COVARIATE
The use of number of pups per litter as a covariate did not
reveal additional signiﬁcant effects of maternal licking on off-
spring behavior. It is possible that this approach was not more
informative because of the low variability in pup number per lit-
ter.Thiswaspartiallyduetotheeliminationof anylitterswithless
than four pups. Overall,the mean number of pups in the low-lick
litters did not differ signiﬁcantly from the mean number in the
high-lick group [Table 1; F(1,13)=1.02,p =0.3301].
DISCUSSION
This is the ﬁrst study to compare behavioral outcomes between
adult offspring of mothers of a single mouse strain (C57BL/6J)
that exhibited frequencies of PL at the high vs. low end of the
distribution. Compared to adult females that received high fre-
quency maternal licking in infancy, adult females that received
low frequency maternal licking exhibited signiﬁcantly (1) more
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FIGURE 5 | Locomotion in a novel environment during a 1-h session. Data shown are means (±SEM) for the ﬁrst (Day 1) and third (Day 3) tests. Female
offspring of dams with low levels of pup-licking had signiﬁcantly lower locomotion on Day 1, but higher locomotion on Day 3, than the offspring of high-licking
dams. *p <0.05.
FIGURE 6 |Vertical activity in a novel environment during a 1-h session.
Data shown are means (±SEM) for the ﬁrst (Day 1) test. Female offspring of
dams with low levels of pup-licking had signiﬁcantly lower rearing movements
than the offspring of high-licking dams. *p <0.05.
anxiety-like behavior in the novel open ﬁeld test,(2) no reduction
in locomotion over repeated testing in the open ﬁeld, suggesting
impaired habituation to the test situation, (3) increased reactiv-
ity after an acute stressor (a saline injection), and (4) deﬁcits in
prepulse inhibition. There were no signiﬁcant behavioral differ-
encesbetweenadultmaleC57BL/6Jmicerearedbyhighvs.lowPL
mothers on most tests,although the male offspring of low-licking
dams had less reactivity to the brief stressor.
Comparisons of our results with the limited number of pre-
vious studies in mice examining the effects of maternal behav-
ior variation on adult outcomes in C57BL/6J offspring are
hampered by considerable methodological differences among
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FIGURE 7 |Time spent in the center region of a novel environment during
a 1-h session. Data shown are means (±SEM) for the ﬁrst (Day 1) test.
Female offspring of dams with low levels of pup-licking spent signiﬁcantly
less time in the center than the offspring of high-licking dams. *p <0.05.
research groups. Francis et al. (2003) cross-gestated embryos or
cross-fostered newborns between C57BL/6J and BALB/cJ moth-
ers. Priebe et al. (2005)also cross-fostered neonates between these
strains and conﬁrmed previous reports that C57BL/6J mothers
exhibit signiﬁcantly more PL than BALB/cJ mothers. Outcomes
were assessed in adult male but not female offspring. Both groups
found no differences between C57BL/6J mice reared by BALB/cJ
mothers and C57BL/6J reared by same strain mothers in the
EPM and prepulse inhibition tests. There were no differences in
n o v e lo p e nﬁ e l db e h a v i o ra sw e l li no n es t u d y( Francis et al.,
2003) but C57BL/6J mice reared by BALB/cJ mothers exhibited
signiﬁcantly less center time in that test (Priebe et al., 2005).
With the exception of the latter ﬁnding, these results are in
agreement with our data indicating there are no effects of PL
variations on behavior outcomes in male C57BL/6J mice. It is
unfortunate that female offspring were not evaluated in these
studies. Coutellier et al. (2008) were able to decrease PL fre-
quencies (on days 1 and 2 but not subsequent postpartum days)
and crouched nursing frequencies (on postpartum days 1–4) in
C57BL/6J mothers by requiring them to forage for food. Adult
offspring of foraging compared to non-foraging mothers exhib-
ited no differences in open ﬁeld behavior, but increased locomo-
tion and a trend toward more open arm time in the elevated
zero maze in males, but not females. These results contrast with
the signiﬁcant relationships we found in adult female, but not
male, C57BL/6J offspring between frequencies of PL received and
measures of anxiety. The effects on behavioral development of
foraging-inducedandnaturalvariationsinmaternalbehaviormay
be substantial.
In rats, adult offspring that received high compared to low
frequencies of maternal licking during the early postnatal period
exhibited less anxiety-like behavior in the open ﬁeld and other
tests, as well as greater prepulse inhibition (Caldji et al., 1998;
Francis et al., 1999; Zhang et al., 2005). These results, which were
mostly obtained from male offspring, contrast with our ﬁndings
thatvariationsinPLaremainlyrelatedtobehaviorinadultfemale,
but not male, C57BL/6J offspring. However, the one rat study
that examined female offspring obtained results similar to ours;
recipients of high compared to low maternal licking spent signiﬁ-
cantlymoretimeinthecenterofthenovelopenﬁeld(Francisetal.,
1999). Two earlier studies (Gubernick and Alberts, 1985; Moore
et al., 1997) reported that male rat pups received signiﬁcantly
more maternal licking than female pups. More recently, Cham-
pagne et al. (2003) found no signiﬁcant difference between the
frequencies at which male and female pups were licked although
the mean frequency for males was slightly higher. Greater fre-
quency or less variability in the frequency of PL directed toward
C57BL/6J male pups may explain why we found no difference in
behavior outcomes in adult male offspring reared by high vs. low
PL mothers.
Only one other study has examined the range of frequencies of
componentsof maternalbehaviorinC57BL/J6mice(Champagne
et al., 2007), although other groups studied the mean frequen-
cies of behaviors in C57BL/6J mothers (Ward, 1980; Anisman
et al., 1998; Brown et al., 1999; Priebe et al., 2005; Shoji and Kato,
2006; Carola and Gross, 2010). The range of PL frequency in our
study (13–29.4%) differs considerably from the range reported by
Champagne et al. (2007); 3–14%). The mean PL frequency in this
study(18.3%)ﬁtsintheupperrangeof theconsiderablevariation
inPLfrequencies(approximately4–22%)measuredinotherstud-
ies of C57BL/6J mothers cited above. It is difﬁcult to attribute this
strikingly wide range of PL frequencies solely to methodological
differencesamongstudies.PLfrequenciesmaynaturallyvarysub-
stantially among C57BL/6J mothers reared and bred in different
animal colonies.
This study has several limitations. Offspring were tested over
a wide age range (6–12weeks). The numbers of male and female
pups were not recorded for three of the litters reared by high
PL mothers. Some of the litters had very uneven sex distribu-
tions: e.g., one low PL litter had ﬁve male and no female pups
and one high PL litter had four female pups and one male.
Incomplete data on sex distribution in test litters prevents us
from examining the inﬂuence of this factor on behavior out-
comes. Furthermore, the estrus state of females was not assessed
so this could not be entered into the analysis as a covariate.
Because of procedural errors and equipment failure the complete
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FIGURE 8 | Locomotion and vertical activity before and following
exposure to an aversive stimulus (a saline injection). Data shown are
means (±SEM) for the 10-min period pre- and post-injection. In comparison
to offspring of dams with high levels of pup-licking, female offspring of
low-licking dams had increased activity, while the male offspring had
decreased activity, during the test. *p <0.05.
set of video recordings of maternal behavior were not obtained
in 9 of 36 dams. Determination of which dams exhibited high
and low end PL frequencies may have been affected by these
missing data.
Comparativebehaviorphenotypingof mousestrainsisbecom-
ing a widely employed strategy to identify animal models of
psychiatric and neurodevelopmental disorders (Moy et al., 2007;
Kalueff et al., 2008). The behavior measures in which we found
FIGURE 9 | Impaired prepulse inhibition of acoustic startle responses
in female offspring of dams with low levels of pup-licking. Data shown
are means (±SEM) for each group. *p <0.05.
signiﬁcant differences between mice that received high vs. low PL
(EPM, open ﬁeld, PPI) are commonly used in these studies. Pub-
lishedcomparisonsamongseparateresearchcentershavereported
considerable differences in behavior test results within-strains,
evenwithstrenuouseffortstostandardizesourcesof animals,ani-
mal handling, test procedures and test apparati (Crabbe et al.,
1999; Wahlsten et al., 2003; Mandillo et al., 2008). Data from
open ﬁeld, EPM, and PPI tests were far more variable within-
strains among research centers than data from other tests (e.g.,
water maze, alcohol preference). Our results raise concerns that
differences among separate laboratories in maternal behavior lev-
els within mouse strains may inﬂuence behavior phenotyping
outcomes. However, our ﬁndings that PL variations are primar-
ily related to behavior outcomes in female offspring bring into
question the inﬂuence of variations in maternal behavior on the
outcomesofmousebehaviorphenotypingstudies.Instudiescom-
paring research centers, differences in behavior test results were
signiﬁcant for both sexes (Crabbe et al., 1999; Wahlsten et al.,
2003). Nonetheless, our results suggest that measures of maternal
behavior received during the postnatal period may be important
covariates that may improve assessment of the validity of mouse
models of human behavioral and emotional disorders. Conduct-
ing such studies in transgenic mice may also identify genes that
are involved in the epigenetic effects of maternal behavior on
speciﬁc adult behavior outcomes. Unfortunately, quantiﬁcation
of maternal behavior is very laborious and not conducive to
the high throughput scale of most mouse behavior phenotyping
projects.
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